The validity and clinical performance of the ES-H531, a newly developed ambulatory blood pressure (BP) monitoring device, were evaluated. The validity was assessed by simultaneous comparisons (total of 223 measurements) with the measurements made by two experienced observers using standard mercury column sphygmomanometers in 121 subjects. The clinical performance was evaluated through the number of measurement failures by observation of the cuff equipped site, and tolerability was assessed by administering a questionnaire to 30 of the subjects following completion of 24-h BP monitoring.
P ortable, noninvasive ambulatory blood pressure (BP) monitors are becoming more commonly used in hypertension research and clinical practice. This technological advance has provided more detailed information about changes in BP in daily life that could not have been obtained by conventional measurement in the clinic.
For example, the existence and pathophysiology of white coat hypertension, 1,2 nondipper, 3, 4 and morning surge 5 have been clarified with this technology. Recent research indicates that ambulatory BP more closely reflects individual intrinsic BP compared to casual BP measured in the clinic. 6, 7 Ambulatory blood pressure monitoring was introduced into clinical medicine for the diagnosis of hypertension, the framing of therapeutic plans, and the assessment of the therapeutic effects.
However, in addition to its high cost, the heaviness and large size of the currently available portable ambulatory BP monitoring device limit the wide clinical use of the new technology. In addition, some devices produce discomfort such as noise and tight constriction of the upper arm by the cuff. 8 In the present study, we assessed the accuracy, clinical performance and tolerability of the ES-H531, a compact, light weight, ambulatory BP monitoring device recently produced by Terumo Corporation (Tokyo, Japan).
SUBJECTS
The validation of the ES-H531 was evaluated in 121 subjects (38 men and 83 women) whose average age was 66.7 years (range, 22 to 96 years). Before the tests, the study objectives and methods were explained to each subject and informed consent was obtained from all of them. Individuals with atrial fibrillation, premature contraction, or aortic valve insufficiency were excluded from the study because of the difficulty in collecting Korotkoff sounds in these subjects.
The subjects were seated comfortably, looking away from the mercury column and the monitor. Two well trained nurses simultaneously measured the blood pressure with a double-headed teaching stethoscope and mercury column that was inflated with a Y-tube connector attached to the ES-H531. The subject was requested to take off clothes that fit tightly at the upper left arm, and a cuff of appropriate size was then attached.
METHODS

Device
The Terumo system is composed of the ES-H531 (the ambulatory BP monitoring device) and the ES-A531, a special analyzer produced by Terumo Co. Ltd, Tokyo, Japan. The ES-H531 weighs 245 g and measures 77 ϫ 26 ϫ 118 mm, and it can be used for BP measurement by either the microphone method (Korotokoff method, or K-method) or by the cuff-oscillometric method (O-method). The device displays primarily the values obtained by the K-method, but the values obtained by the O-method are displayed automatically in place of these values when the Korotkoff sound (K-sound) signals are not strong enough or are obliterated by excessive noise. When noises, mainly caused by body movement, are detected during deflation, the measurement is discontinued until the noises disappear and is then reinitiated.
To exclude external or internal noise, pulse wave signals and Korotkoff sound signals were synchronized: frictional noises arising from the cuff are not synchronous with the pulse wave signal, thereby allowing K-sounds to be distinguished from noise. A high performance direct-contact-type piezoelectric ceramic microphone and silicone diaphragm-type piezoresistive pressure transducer are used in the device. A narrow-band filter with a center frequency of 60 Hz is used in the filter comparator circuit. The cuff was initially inflated to 180 mm Hg. The ES-H531 BP monitoring device is designed to be inflated up to 220 mm Hg automatically if the initial pressure is found to have been insufficient. When the cuff pressure is insufficient even at this level, the device is designed to add another 40 mm Hg within 1 min. The device can measure approximately 180 BP determinations with a single charge of three alkaline batteries.
The algorithm for the O-method was established based on the BP values obtained in 636 subjects with systolic BP (SBP) ranging from 90 to 230 mm Hg and diastolic BP (DBP) ranging from 49 to 118 mm Hg, as reported by Imai et al. 9, 10 A sanitary disposable arm band cover is used for the upper arm cuff, to eliminate hygienic concerns common with multiple-use cuffs. The three cuff sizes of S, M, and L are available for varied subjects' arm sizes.
The BP analyzer (ES-A531) is characterized by its easy handling and convenience, permitting rapid print out of BP data and graphs when the ES-H531 is inserted. The device is also designed to set the intervals of the BP measurement and the time of starting in advance. Daytime (7:00 am to 9:00 pm) and nighttime (9:00 pm to 7:00 am) intervals can be set at 15, 30, or 60 min. Before completion of initialization, the starting time is chosen as early as 10 min later, or any time every 1 h after initialization up to 24-h later. After these settings are completed, these setting content is preserved automatically. The BP data can be transferred to the computer for summation, analysis, and storage.
Validity Determination The diaphragm-type, doubleheaded stethoscope was applied to the brachial artery site at the upper arm. The BP values measured by standard determination by the auscultation method by two examiners were averaged and used as the recording. The standard BP determination was conducted twice at intervals of Ն2 min using Korotkoff phase I for SBP and Korotkoff phase V for DBP.
After measurement, the computer (PC-98 Note) was connected to the device to download BP values measured by both the K-method and O-method and compare them with the standard BP determination by the two examiners. The averaged value of the K-and O-method readings at each pressure was compared with the standard BP determination as recorded with a mercury column. The difference between the monitor and the standard determination readings and the range of differences at each pressure were calculated. The BP values were evaluated according to the accuracy criteria of the American Association of Medical Instruments (AAMI), 11 and the British Hypertension Society (BHS).
12,13
Clinical Performance and Tolerability During Ambulatory BP Monitoring In 30 of 121 subjects, clinical performance and tolerability during 24-h ambulatory BP monitoring were evaluated. An average age of them was 74 Ϯ 11.2 years (range, 36 to 87 years). All subjects were informed that they could take off the device and stop the test if there was any inconvenience such as discomfort or insomnia. Monitoring was started after informed consent was obtained from each subject. The cuff was attached to the left upper arm of the subject, and the ES-H531 was put into a carrying bag and connected to the cuff.
The subjects were not restricted in their daily activities. The ES-H531 was set to determine ambulatory BP every 15 min during the daytime and every 30 min during the nighttime.
On the following day, the ES-H531 was detached from the subject and was inserted into the analyzer ES-A531 to print the BP data. The subjects evaluated the clinical performance of the monitor using a questionnaire that addressed the mental stress, noise, tolerability, and the sleep disturbance at night (Table 1) . Pain caused by the inflated pressure of the cuff was evaluated on a 5-grade scale, ranging from grade 1 (extremely painful) to grade 5 (completely painless). Pump noise was also evaluated on a 5-grade scale from grade 1 (extremely bothersome) to grade 5 (not at all bothersome). The state of the skin of the upper arm was assessed to determine whether hypersensitivity or bruising had occurred.
Stability of the device was evaluated based on analysis of determination failures and aberrant BP data for 24-h pressure for all subjects.
All BP data that appear in this article are expressed as means and standard deviations.
RESULTS
Validity Determination
The total number of effective determinations was 223 in this study. The SBP of the subjects were distributed as shown in Table 2 .
The distribution of the differences of the BP measured by the standard mercury method from that measured by the K-method or O-method with the ES-H531 is presented in Figures 1 and 2 , respectively. The mean differences between the BP measured by the K-method and standard mercury method were 0.9 Ϯ
The results satisfied the accuracy criteria of the AAMI, which state that the average of the differences should be within 5 mm Hg and that the standard deviation should be within 8 mm Hg. According to the grading quality criteria of the BHS (Table 3) , the device was assessed as grade A because the proportions of difference for the SBP measured by the K-method Based on the questionnaire, the average score for pain of the upper arm was 3.5 and the average score regarding noise was 4. A total of 30% of the subjects complained of sleep disturbance (Table 4 ). There was no instance of hypersensitivity to the cuff of the upper arm.
The data suggest that the device meets the BHS requirements because the proportion of errors was Ͻ30%. The burden for the patients was light as evaluated by the tolerability questionnaire.
DISCUSSION
This small, light, automated ambulatory BP monitoring device was recently developed in Japan for clinical use. The validity of the device was evaluated in 121 subjects and the tolerability in 30 subjects. The device met the requirements of the accuracy criteria proposed by AAMI, with average difference within 5 mm Hg and standard deviations within 8 mm Hg. According to the standard grading of the BHS, the device is also satisfactory, with grade of A for the K-method and grade B for the O-method.
Failure of BP determination was observed in Ͻ30% of the determinations, which satisfies the criteria proposed by the BHS. In the assessment of the burdens on the patients, the tolerability was assessed as relatively favorable.
Determination Methods (K-Method Versus OMethod) Determination of BP using the O-method is currently prevalent in the portable automated BP monitoring devices worldwide because the K-method is apt to be affected by noise and to bring about measurement errors. However, the diagnosis and treatment of hypertension are based on BP values, measured by the auscultation method, obtained by detection of K-sounds with a stethoscope in a clinic or hospital setting. The K-method is superior to the Omethod in the measurement of SBP because it allows precise determination of the resumption of blood flow in the brachial artery during the deflation of the cuff. Further, in the O-method, SBP and DBP are determined mathematically using the value derived from the magnitude of change in the pulse wave. The algorithms used for calculation of the BP values are specific and differ depending on the device manufacturer. Therefore, there are several reasons to select the Kmethod for BP determination in portable ambulatory BP monitoring devices. The O-method may be used as an alternative method to the K-method when the latter is likely to be influenced by environmental noise. In this study, 87% of all BP measurements were obtained by the K-method without supplemental BP determination by the O-method.
Validation
The validation of the ES-H531 was carried out using the AAMI standards 11 and the BHS standards. 12, 13 The procedures for testing the device recommended in the two sets of standards are different. The former requires that BP measurement be carried out by two examiners simultaneously, whereas the latter requires consecutive measurement of BP in the same upper arm by one examiner. In the present study, BP measurement was performed according to the AAMI protocol, taking BP variability into consideration because many elderly subjects were included in the sample.
According to the BHS grading, based on the cumulative frequency of difference in BP measurement, the validity of the device was ranked as group A in both systolic and diastolic pressure in the K-method.
The validity of the device was ranked as grade B in the O-method. It was concluded that the device is apparently satisfactory for practical use. The accuracy of various devices that employ the K-method in SBP determination has been thoroughly assessed and confirmed. Imai et al 9 confirmed the accuracy and performance of the Terumo ES-H51, a portable BP monitor, in which the same direct-contact-type piezoelectric ceramic microphone and silicone-diaphragmtype piezoresistive pressure transducer are used.
Performance and Tolerability
The motor sound of the air pump is unavoidable for any BP monitoring device. The questionnaire results documented that most of the subjects were troubled by the pump noise, as we anticipated. The motor sound noise not only disturbed their sleep but also bothered other family members in the same room. The results of the questionnaire indicate that continued efforts to decrease monitor noise are warranted. The optional soundproof carrying bag, which was not used in this study, is expected to decrease the level of noise by several decibels.
Convenience and Ease of Use as Evaluated by the Investigators
The device does not require compressed carbonic acid gas cylinders, which are used in the ABPM630 (Colin, Japan), 10 because the pump collects air to inflate the cuff. Maintenance expenses of the device are for replacement of batteries (AM4 (4); for disposable cuff covers, which must be changed after the device has been used by three or four patients; and for paper for printing.
Twenty-four-hour ambulatory BP monitoring is important in the elderly for evaluation of their pharmacologic regime, prevention of side effects, and assessment of excessive decline in BP. 14, 15 The ES-H531 device is practical and useful, especially for the elderly, because of the lightweight and compact size of the monitor.
In addition, the device is likely to allow 24-h determination of BP without disturbing daily work and life activities in middle-aged individuals because the device is small enough to put in the pocket of a shirt or the inside pocket of a jacket. Disposable cuff covers minimize the chance of infection because of the hygienic qualities of the device.
We strongly hope that the portable automated sphygmomanometer will be on the NIH drug price list as soon as possible, and that this highly useful device will be widely used clinically to aid in preventing cerebral and cardiovascular complications.
